Abstract: (1) Background: Spain, Italy, and Greece are the world's top olive oil producers. In recent decades, these countries have gradually diversified their farming system in the olive groves. The element of innovation with respect to the state of the art is that this paper aims to compare the environmental performance of different farming systems in a European context by performing a simplified Life Cycle Assessment; (2) Methods: Environmental performance was calculated according to the methodology of Life Cycle Assessment and the "Guidance for the implementation of the Product Environmental Footprint (PEF)". Average data were considered in order to describe a system with a great degree of complexity and high spatial heterogeneity; (3) Results: The study highlights the difficulty of identifying the farming method that presents the best environmental performance in each of the impact categories considered. In Greece, the lowest use of diesel, electricity, and water brings about advantages for many impact categories, albeit with low yields. While the highest olive yield obtained in Italy has positive consequences in terms of global warming, the highest use of fertilisers, in many cases, entails higher environmental impacts. On the other hand, in Spain the highest use of organo-phosphorous pesticides entails the highest impacts of eco-toxicity; (4) Conclusion: the reduction of the use of fertilizers and pesticides, as well as water conservation, are important issues which require the optimization of timing and techniques in order to achieve environmental advantages.
Introduction
The olive tree (Olea europaea L.) is an evergreen and long-lived species, cultivated worldwide for centuries for its edible fruits. This plant is suitable for all countries included in a latitude of 30 • -45 • in both hemispheres. In recent years, the olive production area has increased world-wide, due to the introduction of innovations in the farming systems and cultivars [1] [2] [3] [4] . Accordingly, new lands were dedicated to the cultivation of olives, and new producer countries appeared on the market [5, 6] . Nowadays, according to the International Olive Oil Council (IOOC) data, over 10 million hectares are cultivated with olive groves globally, of which 95% are located in the Mediterranean basin [7] . According to Eurostat data [8] , the European Union accounts for some 70% of the world's olive production, from about 1.9 million olive growing farms. Table 1 shows that a large number of small operators characterizes the sector (varying from 0.5 hectare to over 20 hectares per farm). Among the European countries, Spain accounts for 50% of the total olive area, followed by Italy (24%) and Greece (17%). • Traditional or Extensive. It is characterized by low inputs of labour and resources. Additionally, there are many structurally-limiting factors: plantations on land with steep slopes, old and large-sized olive trees scattered or grown at low-density plantation (less than 140 trees per hectare), unfertile soils, fragmentation of the properties, no irrigation. The plantations show low productivity, an accentuated alternate bearing behaviour (yield once every two years) and, consequently, poor profitability; • Semi-intensive. It is subjected to more intensive farming practices (use of chemical fertilisers and pesticides for pest control; weed control by tillage or herbicides; irrigation; mechanised or semi-mechanised harvest), high number of plants per hectare (plantation density from 140 to 399 trees per hectare); • Super-intensive. It is characterised by intensive and super-intensive agronomical interventions (very high density plantation, up to 2500 trees per hectare) located on flat areas; use of non-vigorous olive cultivars, high input of fertilisers and pesticides, and huge irrigation volumes, mechanisation of harvest and pruning practices; it can be really effective with respect to plant productivity (yield of 10 tons of olives per hectare, on average). However, there is no experience on the longevity of such olive groves, whilst the extensive and semi-intensive are known to be satisfactorily productive for centuries.
According to Eurostat data [9] , Figure 1 shows the breakdown of the different farming systems. Source: EUROSTAT, 2014 [8] .
The cultivation of olives presents a certain degree of complexity. This is mainly due to the different agricultural systems, farming techniques, and genetic resources. The main cultivation methods, which involve irrigation and mechanization, are:
• Traditional or Extensive. It is characterized by low inputs of labour and resources. Additionally, there are many structurally-limiting factors: plantations on land with steep slopes, old and large-sized olive trees scattered or grown at low-density plantation (less than 140 trees per hectare), unfertile soils, fragmentation of the properties, no irrigation. The plantations show low productivity, an accentuated alternate bearing behaviour (yield once every two years) and, consequently, poor profitability; • Semi-intensive. It is subjected to more intensive farming practices (use of chemical fertilisers and pesticides for pest control; weed control by tillage or herbicides; irrigation; mechanised or semi-mechanised harvest), high number of plants per hectare (plantation density from 140 to 399 trees per hectare); • Super-intensive. It is characterised by intensive and super-intensive agronomical interventions (very high density plantation, up to 2500 trees per hectare) located on flat areas; use of non-vigorous olive cultivars, high input of fertilisers and pesticides, and huge irrigation volumes, mechanisation of harvest and pruning practices; it can be really effective with respect to plant productivity (yield of 10 tons of olives per hectare, on average). However, there is no experience on the longevity of such olive groves, whilst the extensive and semi-intensive are known to be satisfactorily productive for centuries.
According to Eurostat data [9] , Figure 1 shows the breakdown of the different farming systems. Olive tree crops have an important climate change mitigation potential, since as permanent crops they provide carbon storage in soils [10] [11] [12] [13] . In addition, the use of olive grove residues from orchard management and olive oil extraction residues (pomace, olive pit) in biomass boilers as fossil fuel replacement provide additional reductions in greenhouse gas (GHG) emissions [14, 15] . The above issues and other environmental aspects have been investigated in many studies by using the Life Cycle Assessment methodology (LCA), both at local and global scales [16] [17] [18] [19] . In these studies, Olive tree crops have an important climate change mitigation potential, since as permanent crops they provide carbon storage in soils [10] [11] [12] [13] . In addition, the use of olive grove residues from orchard management and olive oil extraction residues (pomace, olive pit) in biomass boilers as fossil fuel replacement provide additional reductions in greenhouse gas (GHG) emissions [14, 15] . The above issues and other environmental aspects have been investigated in many studies by using the Life Cycle Assessment methodology (LCA), both at local and global scales [16] [17] [18] [19] . In these studies, the environmental performance of the olive oil sector is investigated by performing a traditional LCA (from "cradle to grave"), following an attributional approach. While, in other cases, only the agricultural phase was taken into account [5, 20, 21] . This is due to the fact that this phase is identified as the most impactful from the majority of the scientific literature, and especially when the results of LCA are used for an Environmental Declaration (such as the International Environmental Product Declaration System ® , EPD or the European system of the Product Environmental Footprint, PEF), it must be analysed separately [22] . For these reasons, this paper aims to analyse the environmental performances of the olive cultivation systems by adopting an approach of "Simplified LCA" (S-LCA). The comparison among the three main European producer countries-Spain, Italy, and Greece-represents the element of innovation with respect to the state of the art. The effort was to calculate average data for simply describing a system with a great degree of complexity and high spatial heterogeneity.
Materials and Methods
The Life Cycle Assessment methodology was adopted according to the ISO 14040 and 14044 standards [23, 24] , and the guidance provided by the International Reference Life Cycle Data System (ILCD) [25] .
As suggested by Mourad et al. (2006) [22] and Salomone et al. (2015) [17] , according to the scope of carrying out a S-LCA, the functional unit (FU) was set as one hectare of olive groves, and system boundaries were defined as all the agricultural practices from cradle to farm gate ( Figure 2 ). The impact categories considered and their calculation methods were those defined in the "Guideline for the implementation of the EU PEF" used for the PEF Pilot phase [26] ; the long-term emissions were not included (Table 2) . LCA (from "cradle to grave"), following an attributional approach. While, in other cases, only the agricultural phase was taken into account [5, 20, 21] . This is due to the fact that this phase is identified as the most impactful from the majority of the scientific literature, and especially when the results of LCA are used for an Environmental Declaration (such as the International Environmental Product Declaration System ® , EPD or the European system of the Product Environmental Footprint, PEF), it must be analysed separately [22] . For these reasons, this paper aims to analyse the environmental performances of the olive cultivation systems by adopting an approach of "Simplified LCA" (S-LCA). The comparison among the three main European producer countries-Spain, Italy, and Greece-represents the element of innovation with respect to the state of the art. The effort was to calculate average data for simply describing a system with a great degree of complexity and high spatial heterogeneity.
As suggested by Mourad et al. (2006) [22] and Salomone et al. (2015) [17] , according to the scope of carrying out a S-LCA, the functional unit (FU) was set as one hectare of olive groves, and system boundaries were defined as all the agricultural practices from cradle to farm gate ( Figure 2 ). The impact categories considered and their calculation methods were those defined in the "Guideline for the implementation of the EU PEF" used for the PEF Pilot phase [26] ; the long-term emissions were not included (Table 2 ). As for yield data, it is worth nothing that it is affected by great variability and high spatial heterogeneity which are not always directly due to the agricultural practices-many factors contribute to determine the amount of olives per hectare. However, according to the Eurostat data for the years 2010-2012 (2010-2011 for Italy), the average yields were considered:
These data were adopted for calculation of CO 2 sequestrated from the fruits per hectare, by considering an average value of 0.25 kg of carbon per kg of olives [10, 27] . According to the aims of the study, the positive effect in terms of carbon sequestration from the agricultural system was highlighted, though, successively, the CO 2 sequestrated is released in the atmosphere in the other phases of the life cycle (that in this study were excluded from the system boundaries).
As for olive tree plantations, the impacts related to land use change were not considered, justified by the fact that for the majority of the olive groves, land use change took place practically in an ancient era.
As for the geographical context of the Life Cycle Inventory (LCI), the data for Spanish olive production system is based on the average data from representative Andalusian conventional and organic farms. This choice is due to the relevance that this region has on the Spanish olive production [28] .
The data for the Italian olive production were collected through surveys directly from farmers located in the regions of Apulia and Abruzzo on all types of plantations (traditional, intensive, and super intensive).
As for olive production in Greece, the inventory was referred to data collected in three representative areas of Southern Greece in the context of the LIFE Project "OLIVECLIMA" [29] (preliminary data) and of the LIFE Project "SAGE10" [30] . This is a source of significant difference between the Greek data and the ones from the other two countries. The Greek data are based on actual recordings by farmers for 120-600 olive groves, so they represent mostly the established situation as affected by various factors, such as economic pressure (cautious inputs), olive oil prices, proportion of organic vs. conventional farming, etc. Above all, though, low input values reflect the sum of actual inputs applied to some of the olive groves, divided by all the hectares of a definite area that was registered for the LIFE projects. So, activity data values show what really happens (even if wrong), and not what should happen as good local practice.
For all countries, the following agricultural practices were considered: soil management, pruning, irrigation, plant protection products and herbicides use, fertilising, and harvesting. For each practice, the following methodological assumptions were adopted: Soil management: this practice was modelled according to the Ecoinvent dataset. For Greece, the area examined is dominated (about 70%) by zero tillage practice for more than 10 years. Main equipment used is mowers and weed smashers.
Pruning: It was modelled considering the use of chainsaw, so the same assumption of the two-stroke engine emissions done in the harvesting phase was considered. In this case, more consumption of lubricant oil occurred (for two-stroke fuel/oil mixture and lubricating oil for chain).
Irrigation: Mean electricity consumption was either based on the electricity bills (Greece) or calculated per cubic meter of water used for irrigation; also, the plastic material of the drip irrigation system was investigated. The scenario includes an electric pump that abstracts ground water from a well to the irrigation pipework. The ground water flows were regionalized according to the different countries.
Plant protection and herbicide use: the production of pesticides were obtained from the Ecoinvent dataset, while the dispersion in air, soil and water was calculated according to Mackay's fugacity model [31] .
Fertilising: This practice was modelled by considering the N-P-K content required per hectare; so, a generic N-P-K fertilizer was taken into account, according to the Ecoinvent dataset. For Greece, actual recordings of quantities and types of fertilizers for each olive grove were used. The nitrogen losses were estimated by using the Bentrup's model [32] . The NO x and phosphorous emissions were calculated according to Ecoinvent report n.15 on Agricultural production systems [33] .
Harvesting: The process was modelled by considering the principal harvesting techniques adopted in each country. In particular, pneumatic or electrical olive harvesting tools were considered. As for Italy, the Ecoinvent [33] processes of using of fertilising broadcaster was adopted in order to calculate the diesel consumption and the emissions of the use of air compressors activated by a double cardan joint connected to a tractor. For Spain and Greece, the two-stroke engine vibrator was considered. According to the literature, the emissions of the combustion of two-stroke fuel/oil mixture were modelled by applying a correction factor to the emissions of a petrol engine [34, 35] . Table 3 shows the different values considered in the LCI for each country. Large differences observed (e.g., for water/electricity consumption) are explained by the different ratio of irrigated/rain-fed olive groves, as the functional unit encompasses both. The choice to consider average values is due to the need to describe systems affected by high variability, in order to compare them. Figure 3 shows the comparison of the impact assessment of Spanish, Italian, and Greek cultivation systems. The environmental performances of the olive cultivation in Greece seem to be the best for 14 impact categories. Concerning Global Warming, if the biogenic carbon is excluded, the worst system is the Italian (GWPf), and, despite the GWPb is the highest (higher carbon sequestration due to higher olive yield), the Italian system remains the one that presents the highest GWPt value. The electricity consumption for irrigation entails the highest value of OD for the Spanish system, while for Human Toxicity, the Italian system has the highest value, principally due to the use of diesel and N-fertilisers (HTc, HTnc). For the same reasons, the Italian system presents the highest Acidification Potential (A) due to the use of copper (for disease control). As for the particulate matter category (PM), in Spain, the emissions of diesel combustion used for pneumatic harvesting tools and the two-stroke engine used for pruning (chainsaw) brings about the highest impact compared to the other systems. Impact category E is most affected by the use of pesticides, so the Spanish system has the worst performance. The category Ir is instead affected by the production of insecticides, so, in this case, the Italian system is the worst. The use of diesel and N-fertilisers influences the categories POF and TE, and the Italian system has highest values, despite the fact that for POF the difference with the Spanish one is minimal. In Italy, the use of phosphorous and nitrogen fertilisers brings about the highest value, respectively, for FE and ME. For these categories, Spain presents the best performance. The values of category LU have small differences among the countries, while for category RDw, the Spanish system presents the highest value due to the high volume of water used for irrigation. Finally, the Italian system presents the highest value for category RD, which is principally affected by the use of fertilisers and pesticides. countries, while for category RDw, the Spanish system presents the highest value due to the high volume of water used for irrigation. Finally, the Italian system presents the highest value for category RD, which is principally affected by the use of fertilisers and pesticides. 
Results

Discussion
The life cycle impact assessment represents a snapshot of the average of the environmental performances of the agricultural systems investigated in a certain period and situation. Furthermore, agricultural data and data about olive yields are affected by a certain variability [36] , whilst no standardized data collection method suitable for LCA has been agreed upon (e.g., sampling, stratification, level of traceability between data and performance, etc.). The main sources of data uncertainty are both exogenous and endogenous to LCA methodology. The first category comprises: pedoclimatic factors, availability of irrigation, biannual harvest (exclusively for traditional cultivation method), cultivar, exposure to pests and diseases, but also intensity of agricultural practices (ranging from organic to super-intensive) and, especially for the yield (harvested olives), expectations of olive growers in terms of market prices and agricultural subsidies (e.g., Community Agricultural Policy). The second category includes methodological assumptions (e.g., different calculation methods of the air and water emissions, inclusion or not of carbon sequestration from fruits, etc.).
For these reasons, a sensitivity analysis is needed in order to evaluate the variability of the results.
Sensitivity Analysis
In this study, we would like to point out the uncertainty arising from different calculation methodologies to determine the values of nitrogen compound emissions from fertiliser application.
According to the results of the impact assessment, nitrogen compound emissions represent an important environmental issue, but some differences in results could derive from the way in which they are accounted for. Table 4 shows data about the accounting of nitrogen compounds leaching in water and nitrogen compounds losses in air carried out by the use of Bentrup's model (N2 in air, NH4 + in air, N2O in air, NO3 − in water) [28] and Nemececk's formula (NOx in air) [24] . This scenario (Base Scenario) was compared with one in which Nemececk's model was adopted (Scenario 2). 
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According to the results of the impact assessment, nitrogen compound emissions represent an important environmental issue, but some differences in results could derive from the way in which they are accounted for. Table 4 shows data about the accounting of nitrogen compounds leaching in water and nitrogen compounds losses in air carried out by the use of Bentrup's model (N 2 in air, NH 4 + in air, N 2 O in air, NO 3 − in water) [28] and Nemececk's formula (NO x in air) [24] . This scenario (Base Scenario) was compared with one in which Nemececk's model was adopted (Scenario 2). Figure 4 shows the variation of the values of the impact categories TE and ME in Scenario 2 compared to the Base Scenario for each country. As for TE, a significant increase is observed for all countries. On the contrary, the adoption of Nemececk's model brings about an important reduction for ME. This is due to the fact that the NO 3 − leaching in water is accounted as negligible. Figure 4 shows the variation of the values of the impact categories TE and ME in Scenario 2 compared to the Base Scenario for each country. As for TE, a significant increase is observed for all countries. On the contrary, the adoption of Nemececk's model brings about an important reduction for ME. This is due to the fact that the NO3 − leaching in water is accounted as negligible. Figure 5 shows the comparison between the CO2 emissions of the two scenarios for the three countries. In all cases, the carbon sequestration from olive fruits is higher than the emissions arising from their cultivation activities. Nemececk's model entails N-emissions twice higher than the Base Scenario (Table 4) ; this brings about a higher value of GWPf. So, the positive effect represented by the GWPb value is reduced, particularly for the Italian system. 
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This paper investigates the environmental aspects of the cultivation of olives, with a focus on the agricultural phase. The LCA methodology was used to compare an instance of farming methods adopted in the three European main olive producer countries: Spain, Italy, and Greece. Despite the difficulties in describing the scenarios with a great degree of complexity and variability in a wide geographical context, some important preliminary results have been highlighted. In Greece, the lowest use of diesel, electricity, and water brings about advantages for many impact categories. In Italy, the highest use of fertilizers and other inputs entails higher total global warming, even considering the positive effects of carbon sequestration (biogenic) from the fruits. On the other hand, the highest use of organo-phosphorous pesticides in Spain entails the highest impacts of eco-toxicity. In general, the reduction of the use of fertilisers and pesticides, as well as the reduction of water use, are important issues, which require the optimization of timing and techniques in order to achieve environmental advantages. The pre-requisite for fair performance comparisons, however, is the harmonization of data collection procedures for LCA, especially for the use of inputs. Use rates such as "kg per hectare" of plant protection products or fertilizers are most important not only for LCA, but also as an indicator of the success of Integrated Crop Management (ICM), a trend wherein only the amounts needed for a given set of olive groves (group of farmers, cooperatives, regions, etc.) are used. Proper and fair comparisons will need to be based on dynamic, robust, and traceable data collection systems for at least 3 years, so as to lead to accurate description of the specific set of olive groves. Even more time may be required if they wish to encompass the important issue of permanent carbon storage in soil, which is still under thorough investigation. In this regard, higher olive yield entails an increase in carbon sequestration. At first glance, higher yields can be obtained with the use of more inputs (fertilisers, pesticides, water, fuels, etc.), but they are affected by great variability and high spatial heterogeneity, which are not always directly due to the agricultural practices-many factors contribute the determination of the amount of olives per hectare. Efforts should be made to improve the efficiency of resource use by better crop husbandry through ICM, such as improved pruning to make the most out of the sunlight for carbon sequestration, prevention of plant health and yield losses via Integrated Pest Management (IPM), minimum or zero cultivation of soil to reduce losses of soil carbon, better water management, etc. In this sense, LCA helps substitute inputs by good agronomic services, in order to optimize the balance between resource consumption and carbon sequestration.
